Objective: To determine the frequency of mutations in CDKL5 in both male and female patients with infantile spasms or early onset epilepsy of unknown cause, and to consider whether the breadth of the reported phenotype would be extended by studying a different patient group. Methods: Two groups of patients were investigated for CDKL5 mutations. Group 1 comprised 73 patients (57 female, 16 male) referred to Cardiff for CDKL5 analysis, of whom 49 (42 female, 7 male) had epileptic seizure onset in the first six months of life. Group 2 comprised 26 patients (11 female, 15 male) with infantile spasms previously recruited to a clinical trial, the UK Infantile Spasms Study. Where a likely pathogenic mutation was identified, further clinical data were reviewed. Results: Seven likely pathogenic mutations were found among female patients from group 1 with epileptic seizure onset in the first six months of life, accounting for seven of the 42 in this group (17%). No mutations other than the already published mutation were found in female patients from group 2, or in any male patient from either study group. All patients with mutations had early signs of developmental delay and most had made little developmental progress. Further clinical information was available for six patients: autistic features and tactile hypersensitivity were common but only one had suggestive Rett-like features. All had a severe epileptic seizure disorder, all but one of whom had myoclonic jerks. The EEG showed focal or generalised changes and in those with infantile spasms, hypsarrhythmia. Slow frequencies were seen frequently with a frontal or fronto-temporal predominance and high amplitudes. Conclusions: The spectrum of the epileptic seizure disorder, and associated EEG changes, in those with CDKL5 mutations is broader than previously reported. CDKL5 mutations are a significant cause of infantile spasms and early epileptic seizures in female patients, and of a later intractable seizure disorder, irrespective of whether they have suspected Rett syndrome. Analysis should be considered in these patients in the clinical setting.
T he term ''infantile spasms'' defines a severe seizure disorder that usually starts early in life and in which seizures tend to occur in clusters. They are typically, although not invariably, associated with hypsarrhythmia on the EEG. 1 Infantile spasms often occur in infants with severe underlying neurological abnormalities 1 and may be preceded by or followed by other seizure types. Infantile spasms can occur in many different conditions including tuberous sclerosis 2 and neuronal migration defects. 3 They have also been reported in association with several different chromosomal anomalies including 15q duplication 4 and subtelomeric rearrangements. 5 Mutations in three genes have been associated with X linked infantile spasms (ISSX, OMIM 308350): Aristaless related gene (ARX, OMIM 300382), 6 cyclin dependent kinase like 5 (CDKL5, OMIM 300203), 7 and the sodium channel neuronal type 1 a subunit (SCN1A, OMIM 182389). 8 Pathogenic ARX mutations have so far only been reported in males, some of whom have infantile spasms. 6 The mutation frequency of ARX in patients with infantile spasms has not been reported, but the combined published detection rate in singleton male cases with mental retardation is extremely low (2/1500 cases). 9 Mutations in CDKL5 were initially found in two female patients with infantile spasms, severe mental retardation, and X;autosome translocations that disrupted the gene. 7 Mutations were subsequently identified in further patients with suspected Rett syndrome (RTT, OMIM 312750), but only in those with seizure onset before six months of age. [10] [11] [12] [13] [14] All but one of the 18 patients with mutations reported so far had early seizure onset with a subsequent severe mixed seizure disorder, most of whom had normal brain magnetic resonance imaging (MRI). Very few male patients have been tested, and patients with infantile spasms or a severe early onset seizure disorder have not been investigated as a separate group.
Our aim in this study was to determine the frequency of mutations in CDKL5 in both male and female patients with infantile spasms or early onset epilepsy of unknown cause, and to consider whether the breadth of the reported phenotype would be extended by studying a different patient group.
METHODS

Patient recruitment
Cardiff patients (group 1)
Patients were identified from those referred to Cardiff for CDKL5 analysis (table 1) . Seventy five patients had severe mental retardation and seizure onset in the first year of life, 39 of whom also had infantile spasms. Two were excluded when alternative underlying genetic aetiologies were identified. Phenotypic data were ascertained by clinical questionnaire. 15 In all, 208 patients were included in UKISS, 107 of whom were recruited in to a randomised controlled trial. DNA samples were previously collected from 60 of these patients, with appropriate consent, for genetic analysis. DNA was of sufficient quality for analysis in 22 females and 33 males. The underlying aetiology was classified after assessment of history, examination, and investigations which included cranial scanning, usually by MRI. Twenty six patients with infantile spasms of unknown aetiology formed group 2, including one UKISS patient had already been reported (patient 2 in Evans et al, 2005 10 ) in order to allow assessment of frequency of CDKL5 mutations in this cohort. Phenotypic data were ascertained by a UKISS questionnaire completed by the clinician, and in most cases a seizure diary from the family. Age at onset of infantile spasms was documented where known. Randomised trial cases had Vineland developmental assessments at the age of 14 months and some at an average of 4.2 years.
Further clinical data were reviewed for six of the seven with identified mutations. EEG reports were collected retrospectively, the number depending on availability.
Molecular methods
The open reading frame of the CDKL5 gene was analysed in lymphocytic DNA from each of the patients, as previously described. 10 Exons 2-21 of the CDKL5 gene were amplified by polymerase chain reaction (PCR). Mutation screening was carried out by denaturing high performance liquid chromatography (DHPLC) analysis. For males, equal amounts of DNA sample were mixed in pairs to allow formation of heteroduplexes. Any amplicons generating aberrant traces were sequenced. Exons 4 and 16 were screened by DNA sequencing because of the high polymorphism in these exons.
X chromosome inactivation status (XCI) was ascertained in those female patients in whom a mutation was identified.
XCI was determined using standard methods. Briefly, aliquots of DNA were predigested with the enzymes HpaII and McrBC (New England Biolabs, Beverly, Massachusetts, USA). The triplet repeat at the HUMARA locus was then amplified by PCR using fluorescent primers and analysed using an ABI 3100 automated sequencer and Genotyper software (Applied Biosystems, Foster City, California, USA). Allele peak areas were compared for HpaII digested, McrBC digested, and undigested DNA. 16 
RESULTS
CDKL5 mutations
In all, seven likely pathogenic mutations and three further mutations of uncertain significance were identified (table 3). Only patient 1 had skewed X chromosome inactivation (80:20). All were found among those females from group one with seizure onset in the first six months of life, accounting for seven of the 42 patients in this group (17%). No further mutations other than the one already published 10 were found in female patients from group 2, or in any male patient from either study group. The frequency of mutations in females from the UKISS group presenting with infantile spasms of unknown aetiology in the first 12 months of life was 1/10 (10%).
Mutations of uncertain pathogenicity
Intronic mutation (IVS8-19CRG)
This single base change lies towards the extreme end of the exon 9 splice acceptor consensus sequence. Computer analysis predicted that this very slightly reduced the splice site score from 0.97 to 0.96 using BDGP Splice Site Predictor (http://www.fruitfly.org/seq_tools/splice.html). It was not part of the consensus sequence according to Splice Site Finder (http://www.genet.sickkids.on.ca/,ali/splicesitefinder. html). Parental samples were not available for analysis.
Missense mutation (c.2378TRC; V793A)
This missense mutation was found in a patient from group 2. The amino acid change is conservative and it is only two amino acids away from a known single nucleotide polymorphism (SNP), Q791P. The amino acid was conserved in fugu but not in mouse. There were no parental samples available for analysis.
Intronic mutation (c.IVS11-42_50del9bp)
This intronic change was outside of the consensus splice site sequence and distant from exon eleven. Parental samples were not available for analysis.
Clinical phenotype
Epilepsy
Detailed information was available for six of the seven patients with likely pathogenic mutations, all of whom had severe mental retardation, marked hypotonia, and a severe epileptic seizure disorder starting within the first two months of life; three also had infantile spasms (patients 1, 2, and 4). Two patients had infantile spasms before six months and the other at 11 months; these did not respond to numerous antiepileptic drugs. Initial seizures were often brief, lasting 10-15 seconds, but seizure frequency, intensity, and duration gradually increased. Early seizures consisted of subtle orofacial seizures, ''breath holding''/''choking'' episodes, tonic seizures, tonic axial flexor seizures, or star shaped seizures. Once seizures had been noted they tended to occur at least on a daily basis. Four patients had a period without seizures in the second year of life, lasting between six weeks and nine months (patients 1, 2, 5, and 7). Honeymoon periods with new drugs were described in all patients but were followed by more severe seizures or by a change in seizure type. All but one had multiple seizure types and experienced one or more major seizures (such as generalised tonic-clonic or complex partial seizures) as well as numerous (up to 200) brief seizures (such as absences, drop fits, myoclonic jerks) every day. Patient 5, who was two years old, had the mildest disorder with just two generalised tonic clonic seizures a week while in the early phase of sleeping. Drug treatment was generally ineffective. In patient 1, seizures worsened during puberty. The seizure disorder improved, but remained severe, in early adulthood. At least one episode of either convulsive or non-convulsive status epilepticus was reported in two patients and was associated with loss of skills (patients 2 and 7).
Neuroimaging
None of the six patients with likely pathogenic mutations and detailed clinical information available was reported to have abnormalities on brain MRI.
EEG findings
Very slow activity was common, as were high voltage focal or multifocal spikes. Frontal or fronto-temporal activity was most frequently seen, and activity could suggest a focal pathology. At times activity was almost continuous. In one case two seizures were recorded which were accompanied by electro-decremental change; during these seizures there was a sudden jerk, lifting of the head off the pillow, stiffened of the body, and vacant staring.
Developmental progress
All patients had severe developmental delay which was apparent in the first year of life. Five presented with a severe phenotype with virtually no developmental progress (patients 2-6) and were similar to previously reported severely affected patients with mutations. 7 10 13 The previously published case (patient 2 1 ) had a Vineland adaptive behaviour composite score of 72 at 14 months of age, but this had fallen to 28 by 5 years 9 months. Loss of skills was reported in two patients from study group 1. Patient 1 had much better physical skills than these severely affected patients: she could swim independently and, while hand use was limited, she was able to use normal cutlery to feed herself. She spoke in phrases and sang the words to favourite songs but her understanding was very limited. She gave poor eye contact and had repetitive behaviours including hand stereotypies Table 4 A comparison of new cases with CDKL5 mutations identified in this study with those previously reported and flicking through photographs. Her behaviour became difficult at puberty, with frustration and occasional aggressive outbursts. She had a more autistic presentation.
Other features
Reduced fetal movements were reported in four patients (Nos 1, 2, 4, and 5). Tactile hypersensitivity, such as dislike of hair brushing, was reported in five patients (Nos 1, 2, 3, 4, and 7). In five patients, clinical photographs were obtained and a subtle dysmorphic appearance was noted (fig 1) . Only one patient had a Rett-like phenotype, although early seizure onset mitigated against the diagnosis (patient 3). Further clinical details are provided in table 4.
DISCUSSION
Our data have shown that CDKL5 mutations are a significant cause of severe mental retardation and early seizures in female patients. CDKL5 mutations were also a significant cause of infantile spasms but only in patients with severe mental retardation. This study has added to the evidence suggesting that while CDKL5 mutations may be found in male patients 14 17 they are rare overall. 10 We have also extended the description of the epilepsy phenotype and the EEG findings in these patients.
Five of seven patients with pathogenic mutations presented with a phenotype comparable to the severe presentation that has already been described. 7 10 13 All presented with very early onset of a severe epileptic seizure disorder, marked hypotonia, and very limited developmental progress. While those patients who were only two years of age at assessment may have potential for further developmental progress, patient 2 had documented deterioration in development.
One further patient in our study had a severe but relatively milder presentation which may be accounted for by skewed X chromosome inactivation. Her physical and intellectual skills exceeded those of all the patients so far reported, except for one patient with autism who did not have an epileptic seizure disorder.
14 Her phenotype was more autistic, with limited eye contact and interaction with people on her own terms. She did not have any disturbance of autonomic function. Tactile hypersensitivity was present and was also a common symptom among our other patients. Poor eye contact was also found in all but one of the remaining five patients. Some autistic features have been reported previously. 11 14 A careful history may be revealing in other patients with severe mental retardation and an autistic tendency, where an early onset seizure disorder has remained difficult to control. The role of CDKL5 in similar patients without seizures needs to be explored.
One patient presented with a phenotype that might appear to overlap with Rett syndrome. However, her neonatal onset of epileptic seizures and lack of eye contact and interest in people made a diagnosis of Rett syndrome unlikely. The relative lack of patients with a Rett syndrome-like phenotype in this study may reflect our patient recruitment strategy with selection on the basis of infantile spasms or a severe early onset epileptic seizure disorder rather than having features of Rett syndrome.
The seizure disorder is the key to identifying patients likely to have CDKL5 mutations and to differentiate them from those likely to have MECP2 (methyl CpG binding protein 2, OMIM 300005) mutations. Only one of 345 MECP2 mutation positive female Rett syndrome patients registered to the British Isles Rett survey had epileptic seizure onset in the first six months of life, without an underlying metabolic disturbance or other identifiable cause unrelated to Rett syndrome (Kerr A, unpublished data, personal communication). In one girl severely affected by Rett syndrome, there was difficulty in differentiating between severe autonomic episodes and early seizures, and this has been noted in other studies. 19 There is only one reported female patient with epileptic seizures in the first six months and an MECP2 mutation, and none presenting with infantile spasms in the same time period. 20 The profile of Rett syndrome characterises the disorder and consists of many recognisable clinical features. 21 While about half of all patients with this syndrome are reported to have ongoing epilepsy, more than a quarter never have an epileptic seizure. 20 Autonomic features are an inconsistent finding in people with CDKL5 mutations but are almost invariably present in Rett syndrome 22 . The Rett phenotype is clearly different from that of CDKL5, where the history usually centres around an early onset, intractable, and typically polymorphic seizure disorder in association with severe mental retardation.
The evidence so far suggests that frequent myoclonic jerks are an important component of the CDKL5 related epileptic seizures. 10 It has been suggested that the seizure disorder is an encephalopathy beginning with tonic seizures and evolving into myoclonic seizures in cases older than many of those in our study. 23 Myoclonic epilepsy also formed part of the seizure disorder in five of our six patients, and in all three of our previously reported cases. 10 Our patient without such seizures is now two years old and may develop them later. In contrast to the patients in the Buoni paper, who only experienced one or two seizures a week, five of our six patients and all our previously reported cases with an epileptic seizure disorder 10 14 were experiencing multiple seizures on a daily basis. The spectrum of the severity of the seizure disorder appears to be broad and ranges from no seizures at all to hundreds of seizures a day.
The features of the patients reported here suggest that the CDKL5 associated phenotype suggested by Buoni et al is too narrow. 23 A normal interictal EEG was initially seen in some of our patients in the first year of life, even though the EEG can be very abnormal in the first year. Slow frequencies are often seen, frequently with a frontal or fronto-temporal predominance and high amplitudes, which is unlike the patients reported by Buoni et al. Our patients often had focal EEG abnormalities, often frontal, and clinical evidence of focal features without associated MRI abnormalities. Complex partial, tonic tonic-clonic, and myoclonic seizures occur later in life. In one infant, electro-decremental episodes were seizure related. Whether some of our younger patients may show the high voltage sharp waves of 6-7 Hz or the rhythmic diffuse 15 Hz activity accompanied by tonic seizures reported by Buoni when they are older remains to be seen. Some of the differences observed in our study may be age related.
It is of interest that the seizures are largely resistant to drug treatment and that vagus nerve stimulators have been of limited benefit, if any. 10 Little is known about the role of CDKL5 and its function in the brain. There are conflicting views in two studies on whether or not there is a direct interaction between MeCP2 and CDKL5, 11 24 though both studies agree that loss of kinase activity, resulting from mutations in the gene, is likely to be responsible for the clinical phenotype and that the C-terminus is important for the function of the protein. However, the specific biological pathways and neurodevelopmental role of CDKL5 has not yet been established, and elucidating this will be important for considering appropriate targets for therapeutic interventions in patients with this severe, largely drug resistant epilepsy.
Our study has shown that CDKL5 mutations are a significant and important aetiological factor among female patients with severe mental retardation and a seizure disorder starting in the first six months of life, which is very difficult to treat. Other investigations, including cranial MRI, are usually normal. Our study of similarly affected males suggests that CDKL5 mutations are a very rare cause of severe mental retardation, infantile spasms, or early onset epilepsy in males, although further work is needed to substantiate this. A detailed study following the time course of developmental progress, detailed assessment of autism, epilepsy, and associated EEG findings may be most helpful in further characterisation of this disorder.
